The parthenogenetic all-female marbled crayfish is a novel research model and potent invader 23 of freshwater ecosystems. It is a triploid descendant of the sexually reproducing slough 24 crayfish, Procambarus fallax, but its taxonomic status has remained unsettled. By cross- 25 breeding experiments and parentage analysis we show here that marbled crayfish and P. fallax 26 are reproductively separated. Both crayfish copulate readily, suggesting that the reproductive 27 barrier is set at the cytogenetic rather than the behavioural level. Analysis of complete 28 mitochondrial genomes of marbled crayfish from laboratory lineages and wild populations 29 demonstrates genetic identity and indicates a single origin. Flow cytometric comparison of 30 DNA contents of haemocytes and analysis of nuclear microsatellite loci confirm triploidy and 31 suggest autopolyploidization as its cause. Global DNA methylation is significantly reduced in 32 marbled crayfish implying the involvement of molecular epigenetic mechanisms in its 33 origination. Morphologically, both crayfish are very similar but growth and fecundity are 34 considerably larger in marbled crayfish, making it a different animal with superior fitness. 35 These data and the high probability of a divergent future evolution of the marbled crayfish 36 and P. fallax clusters suggest that marbled crayfish should be considered as an independent 37 asexual species. Our findings also establish the P. fallax-marbled crayfish pair as a novel 38 paradigm for rare chromosomal speciation by autopolyploidy and parthenogenesis in animals 39 and for saltational evolution in general. 40 41 43 44 45 46 47 3 73 4
Introduction

48
In the last decade, the marbled crayfish (Marmorkrebs) has gained considerable attention in 49 the scientific community and the public because of its obligatory parthenogenetic 6 2.3 Microsatellite analysis 126 For microsatellite analysis, walking legs of specimens were fixed in 80% ethanol prior to 127 extraction of nuclear DNA with the Blood & Cell Culture DNA Kit (Genomic Tips) from 2.6 Measurement of global DNA methylation by mass spectrometry 170 Global DNA methylation was determined in three whole juveniles and selected tissues 171 (hepatopancreas, abdominal musculature and ovary) of three adults of marbled crayfish and P. 172 fallax. Sample preparation and LC-MS/MS analyses were conducted as previously described 173 [34] and were performed on an Agilent 1260 LC system connected to an Agilent 6460 174 TripleQuad masspectrometer (Agilent, Böblingen, Germany). Briefly, after enzymatic 175 hydrolysis to nucleosides, the samples were spiked with 250 fmol [D 3 ]-5-methylcytosine as 176 internal standard. The mass transitions resulting from the loss of desoxyribose (5- were correlated to their respective amounts of substance in the same way as above. 
Crossbreeding experiments and parentage analysis 201
Crossbreeding experiments were performed to investigate whether marbled crayfish and P. 202 fallax can interbreed and produce viable offspring. Behavioural observations revealed that 203 9 marbled crayfish females and P. fallax males recognize each other as sexual partners.
204
Courtship and mating behaviour included frontal approach, tearing with the chelipeds, intense 205 sweeping with the antennae, sudden turning of the female and mounting by the male (figure 206 1). This courtship behaviour is also typical of other Procambarus species [38] . P. fallax males 207 copulated with marbled crayfish females in 15 of 21 trials (71%) and with P. fallax females in 208 6 of 8 trials (86%) (table 1). In the marbled crayfish x P. fallax pairs, the first contact was 209 often initiated by the marbled crayfish females. Some matings lasted for more than 1 hour. P. 210 fallax males can turn significantly larger marbled crayfish females on the back but are not 211 long enough to simultaneously fix the female's chelipeds and insert the gonopods into the 212 annulus ventralis. P. alleni males copulated neither with P. fallax nor with marbled crayfish 213 females (table 1) suggesting that they did not recognize them as sexual partners. 214 We obtained a total of ten clutches from the crossbreeding experiments, eight from 215 crosses of three P. fallax males with eight marbled crayfish females and two from crosses of 216 two P. fallax males with two P. fallax females. Four of the P. fallax x marbled crayfish 217 clutches and one P. fallax x P. fallax clutch developed into juveniles whereas the others 218 decayed during embryonic development. In the P. fallax x P. fallax clutch we counted 10 219 females and 9 males at juvenile stage 7, reflecting the typical 1:1 sex ratio of sexually 220 reproducing crayfish [39] . In contrast, in the four marbled crayfish x P. fallax batches the 6, 221 12, 61 and 93 analysed stage 7 offspring were all females indicating reproduction by 222 parthenogenesis.
223
The progeny of our crossbreeding experiments were also investigated by microsatellite 224 analysis to further clarify parentage. Microsatellite analysis is an established approach to 225 assess parentage and geographic structuring in crayfish populations and to identify clonal 226 lineages, triploids and hybrids [40] [41] [42] [43] . Of the five primer pairs tested, three revealed PCR 227 products that could be used for fragment length determination in marbled crayfish and P. (table 2) . All measurements were repeated at least twice, and 234 in the case of the unusual PclG-02 up to five times per specimen. Our data indicate that the 235 male did not contribute to the genome of the offspring and that the progeny is the product of 236 apomictic parthenogenesis. The microsatellite patterns were not only identical between 237 mother and offspring but also between the four batches (table 2) demonstrating clonality of all 238 marbled crayfish from our laboratory.
239
The P. fallax male 1 x P. fallax female 1 family was used as a positive control. Analysis we used next-generation sequencing with a sequencing coverage per nucleotide of >100x. 258 We also established complete mitochondrial genome sequences for P. fallax and P. 
295
Our results showed a significant 1.4-fold higher DNA content in the blood cells of marbled 296 crayfish (figure 3b), which is consistent with triploidy. 299 In order to test if the marbled crayfish and P. fallax clusters also differ with respect to 300 epigenetic markers we determined global DNA methylation by mass spectrometry in 301 identically raised and age and size-matched representatives of both crayfish. DNA 302 methylation represents a widely conserved epigenetic mark that is often associated with 303 polyphenism and adaptive phenotypic changes [49, 50] . Comparison of three juveniles and 304 selected organs (hepatopancreas, abdominal musculature and ovary) of three adults revealed a 305 consistently and highly significantly reduced level of DNA methylation in marbled crayfish 306 13 when compared to P. fallax (figure 4). The ten P. fallax samples together had a DNA 307 methylation level of 2.93±0.15% (mean ± standard deviation) whereas the ten marbled 308 crayfish samples together had a level of only 2.40±0.08%. These results suggest that marbled 309 crayfish have a considerably different DNA methylation pattern. .
Comparison of DNA methylation between marbled crayfish and Procambarus fallax
315
The diagnostically most meaningful trait in females of the genus Procambarus is the annulus 316 ventralis, which is bell-shaped with a tilted S-shaped sinus in both marbled crayfish and P. 329 In contrast to the morphological characters, life history features like growth and fecundity are 330 markedly different between marbled crayfish and P. fallax. Figure 6 gives an example for 331 differences in the speed of growth between identically raised laboratory populations of the 332 14 same age. At day 250 after hatching, when the first females in both crayfish had reached 333 sexual maturity, mean body weight was almost twice as large in marbled crayfish as in P. 334 fallax females.
Comparison of life history traits between marbled crayfish and P. fallax
335
Maximum body and clutch sizes were also markedly higher in marbled crayfish. The 336 largest specimen in our laboratory had a carapace length of 4.9 cm, a total length of 10.3 cm 337 and a body weight of 30.1 g ( figure 7a ). In the wild, the largest of the 1084 marbled crayfish 
Discussion
356
Our results demonstrate that marbled crayfish meets all criteria for asexual speciation [25] [26] [27] [28] .
357
It is separated from the mother species, P. fallax, by reproductive isolation, significant 358 15 genomic and epigenetic differences and superior life history traits. Our data further support a 359 single origin. In addition, all populations known to date live outside the natural range of P. 360 fallax, suggesting geographical isolation. They are unified in one cluster by common 361 phenotypic, genetic and epigenetic characteristics, despite their broad geographical 362 distribution. These commonalities and differences towards P. fallax make it very likely that 363 the marbled crayfish and slough crayfish clusters will evolve differently, which is the main 364 criterion for erecting an asexual species [26] . Martin et al. [14] have previously suggested that 365 marbled crayfish should be considered as an independent species when a single origin and/or 366 regional populations in the wild have been established. Our findings clarify the former issue 
399
Our crossbreeding experiments with marbled crayfish, P. fallax and P. alleni revealed that 400 marbled crayfish and P. fallax still recognize each other as sexual partners but not marbled 401 crayfish and P. alleni. Recognition of sexual partners in crayfish is mainly based on chemical 402 signatures of the urine but may also include visual and tactile cues [38, 39] . Marbled crayfish 403 and P. fallax copulate readily with each other. However, the progeny of such pairings are pure 404 marbled crayfish resulting from parthenogenesis. These findings demonstrate reproductive 405 isolation and suggest that the reproductive barrier is set at the cytogenetic rather than the 406 behavioural level. Mechanical barriers can be largely excluded because the sperm receptacles 407 are structurally very similar in marbled crayfish and P. fallax females and because we have 408 repeatedly observed insertion of the male gonopods into the annulus ventralis of marbled 409 crayfish. We attempted to directly prove sperm transfer by analysing moulted sperm 410 receptacles of females that had successfully produced offspring. However, we did not find 411 any sperm remnants neither in marbled crayfish nor P. fallax females.
412
The morphological features and microsatellite patterns strongly suggest that marbled 413 crayfish originated by autopolyploidization and not by hybridization with a closely related 414 species, which is by far the most frequent cause of triploidy in animals [55] [56] [57] [58] and P. fallax is therefore consistent with autopolyploidization. There is also no evidence for 420 hybridization on the genetic level and no strong bias towards heterozygosity in the 421 microsatellite pattern, which would be typical for hybrids [62, 63] . Of the seven microsatellite 422 loci that were investigated in marbled crayfish so far, three were homozygous and four were 423 heterozygous [20,21, this study], thus largely excluding allopolyploidization for marbled 424 crayfish. Furthermore, Martin and colleagues have recently shown that the nuclear elongation 425 factor 2 (EF-2) gene is identical in marbled crayfish and P. fallax but differs from other 426 Procambarus species like P. alleni, P. clarkii, P. acutus and P. liberorum [22] . These 427 findings provide additional support for the origin of marbled crayfish by autopolyploidization. 428 We admit that the presence of three alleles, as observed in locus PclG-02 in marbled 429 crayfish, can be interpreted to reflect an origin by hybridization. However, such a pattern can 430 also occur in autopolyploids, namely when an unreduced diploid egg is fertilized by a sperm 431 from the same species, or alternatively, by simultaneous fertilization of a haploid egg by two 432 sperms with different alleles. In shrimp, fish and bivalve aquaculture, autopolyploid triploids 433 with tri-allelic loci are artificially produced by the prevention of polar body I extrusion in 434 fertilized eggs either by temperature shock or chemicals like 6-dimethylaminopurine [64, 65] .
435
Marbled crayfish may thus have arisen by a heat or cold shock in the sensitive phase of egg 436 development in a captive P. fallax female, possibly during transportation.
437
The origin of parthenogenesis in marbled crayfish is probably a by-product of 438 polyploidization but the causal relationship of polyploidy and parthenogenesis is not yet 439 understood [46] . Infectious parthenogenesis by the feminizing bacterium Wolbachia, which is 440 widespread in crustaceans [66] , was excluded by the use of molecular probes for the parasite 441 [2]. In plants, it was shown that polyploidy per se can have an immediate impact on the 442 reproductive biology of a species [67] . In animals, however, obligate parthenogenesis is 443 relatively rare. It has been described in some asexual invertebrate families and a few 444 vertebrate hybrids [26, [68] [69] [70] [71] and is mostly associated with allopolyploidy. Autopolyploidy is 445 much less common and is usually not associated with parthenogenesis, perhaps with the Differences in clutch size between the same populations as in (c). The difference is highly 893 significant as indicated by the p-value. For statistical calculations, the standard deviation was 894 taken as half the range, and a Bonferroni adjustment for multiplicity was applied.
